Oxidative stress is the result of an imbalance between the synthesis of reactive oxygen species (ROS) and the levels of antioxidants in the cells. It plays a major role in the pathophysiology of various ocular diseases, such as age-related cataract, macular degeneration, glaucoma, diabetic retinopathy, and retinitis pigmentosa, by affecting cellular and vascular physiological aspects.[@bib1]^,^[@bib2]

Antioxidants, such as enzymatic antioxidants, vitamins, minerals, carotenoids, and flavonoids, are the primary scavengers of ROS reducing levels of oxidative stress.[@bib3] Cholecalciferol (vitamin-D3 (VIT-D)) has diverse functions, including modulation of inflammation, angiogenesis, oxidative stress, and fibrosis.[@bib4]^,^[@bib5] Recent studies have demonstrated an association between VIT-D and retinal pathophysiological conditions, such as age-related macular degeneration (AMD), diabetic retinopathy, and retinopathy of prematurity (ROP).[@bib6]^−^[@bib8] These studies implicated deficiency of VIT-D to higher risk for early/late AMD, whereas a supplementation leads to delay or prevention in the progression of AMD.[@bib6]^,^[@bib9]

Although VIT-D receptors as well as enzymes for VIT-D metabolism are present in the retina, choroid, and retinal pigment epithelium (RPE) cells, their functions are still not well understood.[@bib6] VIT-D has been studied as a potential inhibitor of angiogenesis in a mouse model of oxygen-induced ischemic retinopathy (OIR).[@bib10] A correlation of VIT-D and vascular endothelial growth factor (VEGF) has been observed in retinal pericytes.[@bib8] In ocular pathology, not much is known about the role of VIT-D in hyperoxia-induced oxidative stress. Concurrently, in early stages of AMD and ROP, local hyperoxic stress results in retinal degeneration.[@bib11] Hence, determining the role of VIT-D under hyperoxia-induced oxidative stress conditions might provide insight for a potential therapeutic aspect. We have, therefore, investigated the effect of VIT-D (1α,25-Dihydroxyvitamin D3) on primary RPE (PRPE) cells cultured under hyperoxic conditions.

Materials and Methods {#sec3}
=====================

Human PRPE Cell Culture {#sec3-1}
-----------------------

PRPE cells were isolated and cultured within 24 hours of enucleation from 10 noninfectious human cadaver eyes obtained from Shankar Anand Eye Bank, Narayana Nethralaya, Bangalore, India.[@bib12] The age of the donor eyes range from 2 to 45 years (mean ± SD, 32 ± 15.8). Cells were cultured with 2% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA) in an incubator with 21% O~2~ for normoxia (HERAcell 240i; Heraeus, Germany) and 40% O~2~ for hyperoxia (SMA-80DS/165; ASTEC, Japan) with 5% CO~2~ at 37°C. In this study, early passages (3−5) of PRPE were used for the experiments.

VIT-D Supplementation on PRPE Cells {#sec3-2}
-----------------------------------

PRPE cells were seeded on 6-well tissue culture plates (Thermo Fisher Scientific Inc., Franklin, MA, USA) at a density of 3 × 10^5^ cells/well. Cultures at 70% to 80% confluence were washed and supplemented with 20 nM of 1α, 25-Dihydroxyvitamin D3 (VIT-D; Sigma-Aldrich, St. Louis, MO, USA), in 2% FBS DMEM, for 5 days in normoxia (21% O~2~) and hyperoxia (40% O~2~). The culture supernatants and cells were then collected for further analysis.

Reverse Transcriptase Quantitative Polymerase Chain Reaction {#sec3-3}
------------------------------------------------------------

Reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) was performed on cultured PRPE cells using specific primers, as described previously[@bib12]^,^[@bib13] (See [Supplementary Table S1](#IOVS-61-2-4_s005){ref-type="supplementary-material"}).

Secreted VEGF Level Estimation {#sec3-4}
------------------------------

The VEGF levels in cell supernatants from different experimental conditions (normoxia, hyperoxia, normoxia + VIT-D, and hyperoxia + VIT-D) were estimated using the human VEGF DuoSet ELISA (R&D Systems, Minneapolis, MN, USA), as described previously.[@bib12]^,^[@bib13]

Immunofluorescence Staining {#sec3-5}
---------------------------

PRPE cells were cultured on cover slips (12 mm; Blue Star, India) in a 12-well plate with a cell density of 1 × 10^4^ cells/well in normoxia and hyperoxia with or without VIT-D for 5 days. Immunofluorescence staining was carried out with specific antibodies (See [Supplementary Table S2](#IOVS-61-2-4_s006){ref-type="supplementary-material"}), as previously described.[@bib12]^,^[@bib13] For VEGF and DLL4, fluorescent images were captured using the ProgRes Capture Pro version 2.5 software on an Olympus BX41 fluorescent microscope (Olympus, Tokyo, Japan). For other proteins, fluorescent images were captured using the Olympus BX41 Qimaging software. Fluorescence intensity was quantified using the Olympus Qimaging micropublisher version 3.3 software (Olympus).

The ZO-1 staining of cells was used as an estimate for membrane stability in PRPE cells. The number of intact and disintegrated ZO-1 stained cells along with the total number of DAPI-positive nucleus was counted. The percentage of stable cells was calculated as the number of intact/disintegrated ZO-1-positive cells divided by the total number of DAPI positive nucleus. F-actin cytoskeleton staining was quantified using Particle Analyzer Plugin ImageJ software, as described earlier.[@bib14] The epithelial cell shape with large cell volume and roundness of the cell was calculated as described earlier.[@bib15]^,^[@bib16]

Tubulogenesis Assay {#sec3-6}
-------------------

Primary human umbilical vein endothelial cells (HUVECs) were purchased (American Type Culture Collection, Manassas, VA, USA) and cultured with an endothelial cell basal medium (PromoCell Gmbh, Germany) in T-25 Nunclon culture flasks (Nalgen Nunc International, Wiesbaden, UK). The in vitro tubulogenesis assay was performed using a µ-slide angiogenesis (ibidi GmbH, Germany) as per the manufacturer\'s instructions. After polymerization of the Matrigel (Biosciences, Inc., Blauvelt, NY, USA), 2 × 10^4^ cells/well were added to 50 µl of experimental conditioned PRPE medium (normoxia, hyperoxia, normoxia + VIT-D, and hyperoxia + VIT-D). The µ-slide wells with the cells were incubated at 37°C in a cell culture incubator. After 5 to 6 hours, tube formation was observed and phase contrast images were captured using an Olympus CKX41miscroscope (Olympus, Shinjuku, Tokyo, Japan). Tube assay was analyzed using the Angiogenesis Analyzer plugin for ImageJ.[@bib17] The assays were performed in triplicate. Length of the tubes and segments were measured in pixels. HUVEC cells of passage 4 to 6 were used for the experiments.

Transmembrane Potential Assay {#sec3-7}
-----------------------------

Transmembrane potential assay was performed on PRPE cells in different experimental conditions (normoxia, hyperoxia, normoxia + VIT-D, and hyperoxia + VIT-D), as previously described.[@bib12]^,^[@bib13]

Phagocytosis Assay {#sec3-8}
------------------

The photoreceptor outer segments (POS) were isolated from fresh goat eyes, with a few modifications in a previously described protocol.[@bib18] In brief, the retinae isolated from goat were homogenized and filtered through gauze. The homogenized solution was then added onto a discontinuous sucrose gradient (70% and 30%), prepared by flash freezing each layer followed by overnight incubation at 4°C. POS (pinkish orange color band) obtained after ultracentrifugation was collected with a sequential wash and labeled with FITC (Sigma-Aldrich). The isolated POS were aliquoted and stored at -80°C. To avoid the bleaching of the rhodopsin in rods, the isolation procedure of POS was performed in dim red light. Aluminum foil was used to cover tubes during centrifugation steps of the protocol. For the phagocytosis assay, human PRPE cells cultured on coverslips were kept in hyperoxia and normoxia with/without VIT-D supplement for 5 days. On day 3, cells were incubated with FITC labeled POS, and the results were read out on day 5, as described earlier.[@bib12]^,^[@bib13] To count the number of cells with internalized POS, post-phagocytosis assay cells were quenched with trypan blue (to avoid the POS bound on to the membrane). Cells were then fixed and the nucleus stained with DAPI. The coverslips with cultured cells were mounted and then observed under a fluorescence microscope.[@bib18]

Reactive Oxygen Species {#sec3-9}
-----------------------

The intracellular ROS level was assayed during hyperoxia, normoxia with/without VIT-D supplementation. Cells cultured on coverslips were stained with a fluorescent probe 2\'-7\'-Dichlorodihydrofluorescein diacetate (DCFH-DA; Invitrogen, Molecular Probes, Thermo Fisher Scientific), as per the manufacturer\'s instructions. The fluorescent intensity of cells was captured using the Olympus BX41 Qimaging version 3.3 software and quantified using the Olympus Qimaging micropublisher version 3.3 software.

Statistical Analysis {#sec3-10}
--------------------

For statistical analysis, the 1-way ANOVA with post hoc Tukey\'s test was carried out to compare the multiple experimental conditions. All the experiments were performed in triplicate and the results of at least three independent experiments were used for the statistical analysis. The *P* values for all the experiments are represented in [Supplementary Table S3](#IOVS-61-2-4_s007){ref-type="supplementary-material"} (\**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001, \*\*\*\**P* ≤ 0.0001).

Results {#sec4}
=======

VEGF and VEGF-R2 are downregulated in hyperoxia and restored in the presence of VIT-D {#sec4-1}
-------------------------------------------------------------------------------------

The gene expression levels of *Vegf-A* and *Vegf-R2* showed no difference in hyperoxia when compared with normoxia ([Fig. 1](#fig1){ref-type="fig"}A). However, the secreted VEGF-A protein in hyperoxia (561 ± 15.4 pg/mL) when compared with normoxia (698.05 ± 15.4) was significantly low ([Fig. 1](#fig1){ref-type="fig"}B). The gene expression levels of *Vegf-A* and *Vegfr-R2* increased with VIT-D supplementation ([Fig. 1](#fig1){ref-type="fig"}A). Additionally, VIT-D supplementation significantly upregulated the secreted VEGF levels in normoxic (1048 ± 15.3 pg/mL) and hyperoxic conditions (980 ± 44.7 pg/mL) compared with those without supplementation ([Fig. 1](#fig1){ref-type="fig"}B). Intensity of immunofluorescence staining for intracellular VEGF and VEGF-R2 levels was low in hyperoxia compared with normoxia ([Figs. 1](#fig1){ref-type="fig"}C, [1](#fig1){ref-type="fig"}D (i, ii), 1E, 1F). In the presence of VIT-D in hyperoxia, the intensity of VEGF and VEGF-R2 levels was significantly upregulated compared with cells in hyperoxia without VIT-D supplement ([Figs. 1](#fig1){ref-type="fig"}C, [1](#fig1){ref-type="fig"}D (ii, iv), 1E, 1F). Normoxia cell cultures with VIT-D also showed an apparent increase in VEGF and VEGFR2 levels ([Figs. 1](#fig1){ref-type="fig"}C, [1](#fig1){ref-type="fig"}D (ii, iii), [1](#fig1){ref-type="fig"}E, [1](#fig1){ref-type="fig"}F) compared with hyperoxia.

![VEGF proteins are upregulated by VIT-D in hyperoxic conditions. PRPE cells are cultured in hyperoxic condition (40% O~2~) with and without VIT-D (10 nM) for 5 days. VEGF and VEGF-R2 mRNA expressions analyzed using RT-qPCR with and without VIT-D in comparison to cells incubated under hyperoxia (**A**). Line graph shows the secreted levels of VEGF measured from 5 days conditioned medium using sandwich-enzyme-linked immunosorbent assay (ELISA) (**B**). Representative immunofluorescence images for VEGF (green) (**C** (i−iv)) and VEGF-R2 (green) (**D** (i-iv)). The nucleus is counterstained with DAPI (blue). Bar graphs showing the corresponding mean fluorescence intensity for VEGF (**E**) and VEGFR2 (**F**) in different experimental conditions. \**P* ≤ 0.05, \*\*\**P* ≤ 0.001, \*\*\*\**P* ≤ 0.0001. Scale bar = 5 µm. NOR = Normoxia, HYPER = Hyperoxia, VIT-D = Vitamin D.](iovs-61-2-4-f001){#fig1}

Hyperoxic Conditioned Media Impaired Vessels are Restored by VIT-D {#sec4-2}
------------------------------------------------------------------

The tube formation using primary HUVEC cells in the hyperoxic conditioned PRPE medium showed a significant reduction in tube length, number of segments, segment length, number of junctions, and number of meshes when compared with those in normoxia. Interestingly, VIT-D supplemented hyperoxia-conditioned medium showed recovery of the assayed tubulogenesis parameters compared with those with hyperoxia insult ([Figs. 2](#fig2){ref-type="fig"}A (i−iv), [2](#fig2){ref-type="fig"}B, [2](#fig2){ref-type="fig"}D, [2](#fig2){ref-type="fig"}E, [2](#fig2){ref-type="fig"}G, [2](#fig2){ref-type="fig"}H; see [Supplementary Table S4](#IOVS-61-2-4_s008){ref-type="supplementary-material"}). The length and numbers of isolated segments were significantly higher in cells cultured in hyperoxia when compared with those cultured in normoxia conditioned medium ([Figs. 2](#fig2){ref-type="fig"}A (i, ii), [2](#fig2){ref-type="fig"}C, [2](#fig2){ref-type="fig"}F; see [Supplementary Table S4](#IOVS-61-2-4_s008){ref-type="supplementary-material"}). With VIT-D supplementation, a reduction in the length and number of isolated segments was detected compared with those grown with hyperoxia alone ([Figs. 2](#fig2){ref-type="fig"}C, [2](#fig2){ref-type="fig"}F). Results obtained from cells cultured in normoxia with or without VIT-D supplementation for the analyzed parameters were similar ([Figs. 2](#fig2){ref-type="fig"}A (i, iv), [2](#fig2){ref-type="fig"}B−H).

![Tube formation assay on hyperoxia and VIT-D supplementation. Cell supernatants of PRPE cells cultured for 5 days in hyperoxia +/− VIT-D~3~ supplement were incubated on HUVEC cells for tube formation. Representative images of tube formation assay (**A**) in normoxia (i), hyperoxia (ii), normoxia + VIT-D (iii) and hyperoxia + VIT-D (iv). Bar graphs depicting various parameters for mean total tube length (**B**), mean isolated segment length (**C**), mean number of segments (**D**), mean segment length (**E**), mean number of isolated segments (**F**), mean number of junctions (**G**), mean number of meshes (**H**), measured using Image-J, Angiogenesis Analyzer plugin software. \**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001, \*\*\*\**P* ≤ 0.0001. Scale bar = 5 µm. NOR = Normoxia, HYPER = Hyperoxia, VIT-D = Vitamin D.](iovs-61-2-4-f002){#fig2}

VIT-D Modulates Notch Signaling {#sec4-3}
-------------------------------

In this study, a significant downregulation of *Notch-1* receptor, *Jag-2* ligand, and the downstream target *Hes-1* mRNA in PRPE cells grown in hyperoxia compared with normoxia was observed ([Figs. 3](#fig3){ref-type="fig"}A, [3](#fig3){ref-type="fig"}B). Moreover, *Dll-4* and the downstream targets *Hes-5* and *Hey-1* were also downregulated in cells cultured in hyperoxia compared with those cultured in normoxia, although not significant. However, cells cultured in hyperoxia with VIT-D supplementation had an upregulated mRNA level for Notch signaling with a significant difference in receptor (*Notch-1*) ligands (*Dll*-4 and *Jag-2*) and downstream target (*Hes-1*) compared with those cultured in hyperoxia ([Figs. 3](#fig3){ref-type="fig"}A, [3](#fig3){ref-type="fig"}B). Further, the regulation of gene expression was corroborated with immunofluorescence staining. A decreased mean fluorescence intensity was observed in cells cultured in hyperoxia for NOTCH-1 receptor, the ligands DLL-4 and JAG-2, compared with those cultured in normoxia. However, with VIT-D supplementation in hyperoxia, there was an increase in the fluorescence intensity of the Notch receptor (NOTCH-1; [Figs. 3](#fig3){ref-type="fig"}C (i, ii, iv), [3](#fig3){ref-type="fig"}F) and ligands (DLL-4 and JAG-2; [Figs. 3](#fig3){ref-type="fig"}D, [3](#fig3){ref-type="fig"}E (i, ii, iv), [3](#fig3){ref-type="fig"}G, [3](#fig3){ref-type="fig"}H) when compared with cells grown in hyperoxia alone. The fluorescent intensity of NOTCH-1, DLL-4, and JAG-2 in cells cultured in normoxia with VIT-D supplementation were similar to those cultured under normoxia alone ([Figs. 3](#fig3){ref-type="fig"}C−E (i, iii), [3](#fig3){ref-type="fig"}F−H).

![Notch signaling modulated in hyperoxia +/− VIT-D supplementation. Gene expression and proteins were analyzed for Notch receptors, ligands, and downstream targets in 5 day cultured PRPE cells in hyperoxia condition +/− VIT-D supplement. mRNA levels of *Notch-1* receptor, *Dll-4*, and *Jag-2* ligand (**A**) and down-stream targets (*Hes-1*, *Hes-5*, and *Hey-1*) (**B**). Immunofluorescence images depicting NOTCH-1 (red) (**C** (i-iv)), DLL-4 (green) (**D** (i-iv)), and JAG-2 (red) (**E** (i-iv)) staining in normoxic and hyperoxic conditions +/- VIT-D. The nucleus is counterstained with DAPI (blue). Graphical representation showing the mean fluorescence intensity for NOTCH-1 (**F**), DLL-4 (**G**), and JAG-2 (**H**). \**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\*\**P* ≤ 0.0001. Scale bar = 5 µm. NOR = Normoxia, HYPER = Hyperoxia, VIT-D = Vitamin D.](iovs-61-2-4-f003){#fig3}

Effects of VIT-D on Cell Proliferation in Hyperoxia {#sec4-4}
---------------------------------------------------

A significant reduction was observed in mRNA expression of *Cyclin-D1*, *Cyclin-B*, and *Cyclin-E* in cells grown in hyperoxia compared with normoxia ([Fig. 4](#fig4){ref-type="fig"}A). A significant downregulation of mRNA expression levels was observed in *Cdk-2*, *Cdk-4*, *Cdk-6*, and *Cdc-25* in cells grown in hyperoxia compared with normoxia ([Fig. 4](#fig4){ref-type="fig"}B). In the presence of VIT-D, cells grown under hyperoxia showed an upregulation of *Cyclin* and *Cdk* mRNA expressions compared with those grown under hyperoxia without VIT-D (*Cyclin-D1*, *Cyclin-B*, *Cyclin-E*, *Cdk-2*, *Cdk-4*, and *Cdc-25*; [Figs. 4](#fig4){ref-type="fig"}A, [4](#fig4){ref-type="fig"}B). Cells cultured under hyperoxia showed a significant decrease in the percentage of Ki67 immunofluorescence-positive cells compared with normoxia ([Figs. 4](#fig4){ref-type="fig"}C (i, ii), [4](#fig4){ref-type="fig"}D). In the presence of VIT-D, there was a significant increase in the percentage of cells positive for Ki67 compared with hyperoxia ([Figs. 4](#fig4){ref-type="fig"}C (ii, iv), [4](#fig4){ref-type="fig"}D). The percentage of Ki67 positivity in the presence of VIT-D and normoxia was similar to cells cultured in normoxia without VIT-D supplementation ([Figs. 4](#fig4){ref-type="fig"}C (i, iii), [4](#fig4){ref-type="fig"}D).

![Effects of hyperoxia and VIT-D on proliferation of PRPE cells. PRPE cells were cultured in hyperoxia +/− VIT-D supplementation for 5 days. Graphical representation of the relative gene expressions of *Cyclin-D1*, *Cyclin-B*, and *Cyclin-E* (**A**) and Cdks (*Cdk-2*, *Cdk-4*, and *Cdk-6*) and *Cdc-25* (**B**). Representative immunofluorescence images for cells cultured under various conditions for Ki-67 (red) and counterstained nucleus with DAPI (blue) (**C** (i-iv)). Bar graphs representing the percentage of Ki-67 positive population in cells cultured under different experimental conditions (**D**). \**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001, \*\*\*\**P* ≤ 0.0001. Scale bar = 5 µm. NOR = Normoxia, HYPER = Hyperoxia, VIT-D = Vitamin D.](iovs-61-2-4-f004){#fig4}

VIT-D Maintains the Epithelial Phenotype in Hyperoxia {#sec4-5}
-----------------------------------------------------

Gene expression of *E-cad* and *N-cad* showed no significant difference in cells grown in hyperoxia compared with normoxia. However, with VIT-D supplementation, cells cultured in hyperoxia showed an upregulated *E-cad* gene expression ([Fig. 5](#fig5){ref-type="fig"}A) compared with those cultured in hyperoxia alone. No significant modulation was observed in *N-cad* gene expressions across all the experimental conditions. Immunofluorescence staining intensity of ZO-1 was significantly reduced in PRPE cells cultured in hyperoxia in comparison with normoxia ([Figs. 5](#fig5){ref-type="fig"}B (i, ii), [5](#fig5){ref-type="fig"}D). However, with VIT-D supplementation, cells had significantly higher intensity of ZO-1 staining compared with cells grown in hyperoxia alone ([Figs. 5](#fig5){ref-type="fig"}B (ii-iv), [5](#fig5){ref-type="fig"}D). The increase in the intensity of ZO-1 staining in cells grown under hyperoxia in the presence of VIT-D was similar to those cultured in normoxia environment ([Figs. 5](#fig5){ref-type="fig"}B (i, iv), [5](#fig5){ref-type="fig"}D). In hyperoxia, the percentage of stabilized cells, as depicted by ZO-1 intact membrane staining, were significantly lower when compared with normoxia (see [Supplementary Fig. S1](#IOVS-61-2-4_s001){ref-type="supplementary-material"}A). However, the percentage of cells with stabilized membrane when cultured under hyperoxia with VIT-D supplementation increased and was similar to those cultured under normoxia (see [Supplementary Fig. S1](#IOVS-61-2-4_s001){ref-type="supplementary-material"}A). Conversely, the percentage of destabilized cells was high in hyperoxia compared with normoxia and VIT-D supplementation in hyperoxia reduced the percentage of destabilized cells (see [Supplementary Fig. S1](#IOVS-61-2-4_s001){ref-type="supplementary-material"}B). In hyperoxia-conditioned cells, F-actin immunofluorescence had a higher intensity in cell periphery with an enlarged cell volume compared with cells in normoxia ([Figs. 5](#fig5){ref-type="fig"}C (i, ii), [5](#fig5){ref-type="fig"}E). Supplementation with VIT-D showed a rearrangement of the F-actin filament with less peripheral fluorescent intensity and a reduced cell volume ([Figs. 5](#fig5){ref-type="fig"}C (iv), [5](#fig5){ref-type="fig"}E). Cells incubated in normoxia with VIT-D showed no difference in cell shape when compared with those incubated without VIT-D ([Figs. 5](#fig5){ref-type="fig"}C (iii), [5](#fig5){ref-type="fig"}E).The percentage of rounded cells were less in hyperoxia compared with normoxia (see [Supplementary Fig. S1](#IOVS-61-2-4_s001){ref-type="supplementary-material"}C). VIT-D supplementation in hyperoxia increased the number of rounded cells (see [Supplementary Fig. S1](#IOVS-61-2-4_s001){ref-type="supplementary-material"}C).

![Effects of hyperoxia and VIT-D on junctional and cytoskeletal proteins. Gene expression analysis for E-cadherin and N-cadherin relative gene expression in cells cultured under hyperoxia cultured (**A**). Representative immunofluorescence images for ZO-1 (**B** (i-iv)) and F-ACTIN (**C** (i-iv)) in cells cultured under different experimental conditions. The nucleus is counterstained with DAPI (blue). Graphical representation of the mean fluorescence intensity for ZO-1 (**D**) and cell volume using F-ACTIN stained cells (**E**). \**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\*\**P* ≤ 0.0001. Scale bar = 5 µm. NOR = Normoxia, HYPER = Hyperoxia, VIT-D = Vitamin D.](iovs-61-2-4-f005){#fig5}

VIT-D Restores Hyperoxia-Induced Trans-Plasma Membrane Depolarization {#sec4-6}
---------------------------------------------------------------------

The PRPE cells exposed for 5 days in hyperoxia condition revealed a depolarized cell state with an increase in fluorescence intensity of DIBAC4 (3) intake in cells, compared with cells grown in normoxia ([Figs. 6](#fig6){ref-type="fig"}A, [6](#fig6){ref-type="fig"}D). In hyperoxia, VIT-D supplementation resulted in a hyperpolarization state of cells in comparison to cells without VIT-D ([Figs. 6](#fig6){ref-type="fig"}C, [6](#fig6){ref-type="fig"}D). Similar fluorescence intensity was observed in cells cultured in normoxia or hyperoxia with the presence of VIT-D ([Figs. 6](#fig6){ref-type="fig"}B−D).

![Transmembrane potential is modulated in the presence of VIT-D. PRPE cells cultured in hyperoxic conditions and supplemented with VIT-D were analyzed for membrane potential using DiBAC4(3) by flow cytometry. Representative histogram showing the fluorescent intensity of depolarized cells in hyperoxia (red peak) compared to normoxia (blue peak) (**A**). Representative histogram showing the fluorescent intensity for normoxia (blue) and normoxia + VIT-D supplement (green) cells (**B**). Representative histogram showing the fluorescent intensity for VIT-D supplemented cells under hyperoxia conditions (green) in comparison to hyperoxia alone (red) (**C**). Graphical representation of the mean fluorescence intensity of the internalized DiBAC4 (3) dye (**D**). \**P* ≤ 0.05, \*\**P* ≤ 0.01. NOR = Normoxia, HYPER = Hyperoxia, VIT-D = Vitamin D.](iovs-61-2-4-f006){#fig6}

VIT-D Restores Phagocytosis in Hyperoxia {#sec4-7}
----------------------------------------

The percentage of FITC labeled POS, an indicator of the RPE phagocytosis function, were significantly ([Figs. 7](#fig7){ref-type="fig"}A (i, ii), [7](#fig7){ref-type="fig"}B) higher in cells cultured in hyperoxia (56.0 ± 3.5%) when compared with normoxia (42.2 ± 3.3%). The VIT-D supplemented hyperoxia cells showed a significant reduction (34.2 ± 2.1%) in the number of POS-positive cells compared with hyperoxia alone ([Figs. 7](#fig7){ref-type="fig"}A (ii, iv), [7](#fig7){ref-type="fig"}B). Supplementation of VIT-D in normoxia conditions (42.5 ± 2.5%) did not have any effect on the percentage of cells with opsonized POS, although there was a mild reduction in hyperoxic conditions compared with untreated normoxia cells ([Figs. 7](#fig7){ref-type="fig"}A (i, iii, iv), [7](#fig7){ref-type="fig"}B).

![Modulation of phagocytosis in hyperoxia with and without VIT-D. PRPE cells cultured for 5 days in hyperoxia +/− VIT-D. Representative images showing percentage of internalized FITC labeled POS after exposure (hyperoxia +/− VIT-D) (**A** (i−iv)). Graphical representation of the number of cells with opsonized POS (**B**). \**P* ≤ 0.05, \*\*\*\**P* ≤ 0.0001. Scale bar = 5 µm. NOR = Normoxia, HYPER = Hyperoxia, VIT-D = Vitamin D.](iovs-61-2-4-f007){#fig7}

Discussion {#sec5}
==========

Increased production and accumulation of ROS drives cellular oxidative stress. It has been shown that most of the pathological conditions are driven by excess of oxidative stress that leads to damage of intracellular components.[@bib19] Diseases such as AMD and ROP are characterized by vascular defects that are regulated by oxidative stress. Although vitamins are known to be crucial in maintaining cellular homeostasis, the role of VIT-D in modulating hyperoxia-induced oxidative stress in RPE cells is not yet explored. Interestingly, a lower level of VIT-D is associated with progression of advanced AMD. Modulation of VIT-D level can be a potential therapy in retinal disease driven by hyperoxia.[@bib6]

The RPE-340 cells cultured with 40% oxygen (hyperoxia condition) generated modest oxidative stress without cell death and cytotoxicity but altered the phenotype of cells.[@bib20] In this study, the oxidative stress was reduced in PRPE cells cultured in hyperoxia (40% oxygen) with VIT-D (see [Supplementary Fig. S2](#IOVS-61-2-4_s002){ref-type="supplementary-material"}). This further reiterates the potential of VIT-D to reduce oxidative stress.[@bib21]

The active form of VIT-D (α-1,25(OH) 2D3) through VIT-D receptor (VDR), induces upregulation of VEGF receptors (R1 and R2) and antioxidant CuZn-superoxide dismutase levels in HUVEC cells.[@bib22] In the presence of calcitriol (α1,25(OH) 2D3), pericytes express increased levels of VEGF-A.[@bib8] VEGF is known to exert its primary vascular functions by binding to its receptor, VEGF-R2.[@bib23] In rat models, the addition of exogenous VEGF acted as a survival factor for new blood vessel formation in ROP.[@bib24] To assess the role of VIT-D in modulating angiogenesis, we evaluated the levels of VEGF-A, an important factor for vascular formation. Our study demonstrates that VEGF and VEGF-R2 protein were reduced in hyperoxia that could be rescued with the supplementation of VIT-D. Pierce et al., showed a decrease in VEGF mRNA (55%) and protein (85%) levels in oxygen-induced retinae from animals on postnatal day 7.[@bib25] Interestingly, in cancer cells it has been identified that VIT-D regulates VEGF production through a VIT-D response element (VDRE) on the VEGF promoter.[@bib26] In RPE cells, VIT-D acts most likely through the VDR and VDRE on the VEGF promotor, which may induce the secretion of VEGF. We have previously demonstrated that post anti-VEGF treatment resveratrol (RES) partially rescued secreted VEGF levels in ARPE-19 cells.[@bib13] In the present study, secreted VEGF levels were reduced in cells cultured in hyperoxia conditions compared with those in normoxia. Hence, we investigated if RES similar to VIT-D would be able to rescue secreted VEGF levels in RPE cells cultured in hyperoxia conditions. However, the results revealed distinct outcome of RES and VIT-D in their effort toward rescuing the secreted VEGF levels in PRPE cells cultured in hyperoxia-induced oxidative stress conditions (see [Supplementary Fig. S3](#IOVS-61-2-4_s003){ref-type="supplementary-material"}). RES partially inhibited soluble VEGF levels in comparison with the normoxia levels. Further, in the hyperoxia stress condition, with the supplementation of RES alone and/or in combination with VIT-D, did not show any rescue effects on VEGF secretion levels. Moreover VIT-D did not rescue the RES effects on VEGF secretion. Interestingly, in human cancer cells and animal tissues (kidneys and colon) it has been demonstrated that a combinatorial effects of RES and VIT-D on cell proliferation and ROS production are regulated through VDR.[@bib27]^,^[@bib28] Further studies are required to understand the RES effects in combination with VIT-D on the regulation of VEGF in oxidative stress conditions.

Functional implication of VIT-D induced VEGF and VEGF-R2 was evaluated in endothelial by tubulogenesis assay. Hyperoxia-conditioned medium impaired tube formation that could be restored with hyperoxia-conditioned medium containing VIT-D supplementation. VIT-D is known to alter the proliferation and sprouting activity of endothelial cells.[@bib29] Tube formation results imply that most likely VIT-D among other factors through VEGF might be regulating tube formation ([Fig. 2](#fig2){ref-type="fig"}). VEGF induced capillary formation in hyperoxia exposed human pulmonary microvascular endothelial cell models.[@bib30]

Apart from the role of VEGF, Notch signaling is also crucial in angiogenesis. RPE acts as a Notch signaling niche for the neural retina and Notch-1 plays a role in migration and proliferation of the RPE cells.[@bib31] Although VEGF acts upstream of Notch signaling, however, their bidirectional signaling mechanism maintains sprouting and vasculature.[@bib12]^,^[@bib13] The VEGF-NOTCH axis is pivotal in maintaining vasculature and sprouting of the blood vessels.[@bib32] In an OIR mouse model, DLL-4 remodels the maturing blood vessels as shown by loss-of-function experiments.[@bib32] In the presence of VIT-D, hyperoxia induced alteration of the entire Notch signaling pathway receptors, ligands, and downstream target levels were restored ([Fig. 3](#fig3){ref-type="fig"}). Besides functional implications through binding VDR, VIT-D can also induce membrane-based signaling pathways[@bib33] and restore Notch signaling proteins to normoxia (control) levels. All these findings indicate a possible trilateral interaction between VEGF-Notch signaling and VIT-D.

In this study, hyperoxia inhibited the RPE cell proliferation whereas VIT-D restored the proliferative. Studies have shown that higher oxygen delivery to cells inhibit cell proliferation in G1, S, and G2 phase.[@bib34]^,^[@bib35] Additionally, in RPE cells it has been reported that oxidative stress-induced telomere shortening is correlated to its proliferation potential.[@bib36]^,^[@bib37] Clinical trials with VIT-D supplementation have been shown to not only maintain telomere length but also increase telomerase activity in a study of a population-based cohort of twin women, hemodialysis patients with kidney failure, and overweight African American population, respectively.[@bib38]^−^[@bib40] Further, it has been shown that telomerase activity is enhanced in human dental follicle cells upon induction of Notch signaling.[@bib41] Increased proliferation in the presence of VIT-D could be attributed to multiple factors, including protection of telomere length along with the upregulation of Notch signaling. Although this study revealed the findings in an in vitro oxidative stress condition, it can be envisaged that the beneficial effects of VIT-D supplementation on RPE cell physiology and function remains as a salient feature.

Epithelial mesenchymal transition (EMT) is a cell physiological aspect of RPE cells. VIT-D supplementation in cells cultured in hyperoxia conditions can improve the membrane stability and restore the epithelial property, as demonstrated by enhanced intensity/intactness of ZO-1 membrane staining and actin filament reorganization. EMT is regulated by VEGF, Notch signaling, and oxygen concentration status.[@bib42]^,^[@bib43] In the present study, supplementation of VIT-D did not alter EMT status in normoxia. It can be envisaged that under oxidative stress conditions in the presence of VIT-D, Notch and VEGF may induce EMT. Further studies are warranted to delineate the detailed functional implication of Notch and VEGF function on EMT status in the presence of VIT-D under hyperoxia.

RPE cells play a major role in maintaining outer blood retinal barrier function. We found that hyperoxia conditions depolarized PRPE cells whereas VIT-D supplementation hyperpolarized the cells. In murine models, VIT-D can induce the uptake of Ca^2+^ through L-type calcium channels leading to hyperpolarization and regulation of VEGF.[@bib44] Depolarization of the plasma membrane leads to the redistribution of cytoskeletal components and disruption of cell adhesion components.[@bib45]

Phagocytic property of RPE paves the way for the renewal of photoreceptor outer segment.[@bib46] In this study, hyperoxia-induced phagocytosis levels were reduced by VIT-D supplementation (from 56 to 34.2%), similar to that in normoxia conditions (42.2%; [Fig. 7](#fig7){ref-type="fig"}). Moreover, the follow-up on POS degradation revealed that VIT-D supplementation improved the degradation of POS in hyperoxic conditions (from 56 to 22.6%; see [Supplementary Fig. S4](#IOVS-61-2-4_s004){ref-type="supplementary-material"}). It has been shown that during hyperoxic stress uptake of retinal outer segments by human RPE increases.[@bib46] Likewise, murine macrophage cells show enhanced phagocytic activity during hyperoxidative stress that was marginalized with VIT-D.[@bib47] It could be concluded that VIT-D might act as a phagocytosis modulator.

In this study, VIT-D treatment induced VEGF secretion, hyperpolarized the cells, and modulated the actin filaments. This effect might have functionally contributed to an increase in tube formation in primary HUVEC cells, increase in the intensity of tight junction protein, and modulated phagocytosis. Hence, VIT-D treatment improved the vascular and cellular properties of RPE cells cultured under oxidative stress.

To conclude, this in vitro study demonstrated that VIT-D could rescue RPE cells exposed to hyperoxia stress and thereby protect their cell physiological properties. These results can provide insight in application of VIT-D as a potential therapeutic molecule for ocular vascular pathologies primarily driven by oxidative stress, such as early stages of AMD and ROP. Further studies with animal models can substantiate our findings for a clinical translational aspect.
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